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Echocardiographic Analysis of Regional Left Ventricular Wall Motion
In Children After the Arterial Switch Operation for Complete
Transposition of the Great Arteries
MICHAEL VOGEL, MD, JEFFREY F. SMALLHORN, MB, BS, GEORGE A. TRUSLER, MD,
ROBERT M. FREEDOM, MD, FACC
Toronto, Ontario, Canada
Regional left ventricular wall motion was assessed by
two-dimensional echocardiography in 21 patients with com·
plete transposition of the great arteries at a mean of 2.2
years (range 0.3 to 7) after an arterial switch operation.
Fourteen patients had undergone a two-stage and seven
patients a primary repair. Twenty patients were found to
have echocardiographic images adequate for wall motion
analysis. The results of these studies were correlated with
thallium-201 myocardial perfusion scans. Left ventricular
wall motion was assessed by measuring regional area
change in parasternal and apical views. After planimetry of
an end-systolic and an end-diastolic frame, the ventricle
was divided into eight equal segments and the percent area
change was calculated. Both a fixed reference and a floating
system correcting for translation and rotation were applied.
The measurements in the patient group were compared
Two-dimensional echocardiographic analysis of left ventric-
ular regional wall motion has predominantly been used in
adults for the detection of abnormally contracting segments
after myocardial infarction 0-3). Through the widespread
application of the arterial switch operation for transposition
of the great arteries (4-6) or double outlet right ventricle
with a subpulmonary ventricular defect (7), the effects of
myocardial ischemia might be more frequently encountered
in the pediatric age group. The purpose of this study was to
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with normal age-matched values previously obtained in 55
normal infants and children. Wall motion abnormalities,
found in seven patients, were located at the apex in three, at
the inferior septum and anterolateral wall in one and the
inferior, anterolateral and lateral walls in one patient each.
All had a myocardial perfusion defect in a corresponding
anatomic location. One patient with a small reversible
perfusion defect at the basilar septum had normal regional
wall motion. The sensitivity of detecting impairment of
myocardial perfusion was 0.95. Wall motion abnormalities
were found only in patients who had undergone a two-stage
repair. Echocardiographic wall motion analysis can be used
as a screening method to identify patients with suspected
myocardial ischemia after the arterial switch operation.
(J Am Coil Cardiol1990;15:1417-23)
examine regional left ventricular wall motion in patients who
had undergone an arterial switch operation and to evaluate
the sensitivity of this technique in identifying areas of
myocardial ischemia detected by thallium-201 perfusion
scans (8).
Methods
Patient selection. The study group consisted of 21 chil-
dren (mean age 4 ± 3years [range 2 to 10]) with transposition
of the great arteries or Taussig-Bing double outlet right
ventricle after an arterial switch operation. The parents of all
children had agreed to their participation in the study and
gave informed consent. The study was approved by the
Human Subjects Committee of The Hospital for Sick Chil-
dren. The echocardiographic component of the study was
part of our routine follow-up for this patient group, whereas
the radionuclide component was considered essential to
assess myocardial perfusion. The male/female ratio was
1.9: 1. The diagnosis, coronary artery anatomy and timing of
0735-1097/90/$3.50
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Table 1. Clinical Data in 21 Patients With Arterial Switch Operation
Coronary Cross-Clamp
Patient Artery Age at Age at Time Pump Time
No. Diagnosis Type Surgery Study (min) (min)
1 TGA,VSD A 1.6 yr 4.5 yr 88 182
2 TGA, VSD D 1.5 yr 3 yr 84 190
3 TGA, VSD B I.7 yr 2.2 yr 72 194
4 TGA,IVS A 1.2 yr 1.6 yr 91 231
5 TGA, VSD B 2 yr 6.3 yr 98 226
6 TGA, VSD A 1.3 yr 1.3 yr 82 197
7 TGA, VSD A 7.9 yr 4.1 yr 120 281
8 Taussig-Bing D 2.2 yr 4.2 yr 108 267
9 TGA,VSD A 1.1 yr 5.8 yr 132 244
10 TGA, VSD A 1.6 yr 1.1 yr 81 212
11 Taussig-Bing 3.2 yr 7 yr 82 203
3 orifices
12 Taussig-Bing D 2.4 yr 2.2 yr 150 324
13 TGA, VSD B 2.4 yr 2.1 yr 54 229
14 TGA,VSD,LVOTO A 5.2 yr 4.2 yr 102 233
15 TGA, VSD A 5 mo 6 mo 56 209
16 TGA, VSD, LVOTO A 9 mo 4.2 yr 96 166
17 TGA,IVS A 5 days 4 mo 73 144
18 TGA,IVS A 10 days 3 mo 74 103
19 TGA, VSD A 5 mo 6 mo 27 149
20 TGA,IVS A 5 days 4 mo 63 87
21 TGA,VSD A 2 mo 5 mo 108 186
IVS = intact ventricular septum; LVOTO = left ventricular outflow tract obstruction; Taussig-Bing = double outlet right ventricle; TGA = transposition of
the great arteries; VSD = ventricular septal defect. Types A, Band D are described in Figure I.
Figure 1. Schematic drawing of coronary artery variations encoun-
tered in our study patients.
Echocardiographic examination. The cross-sectional
echocardiographic examination was performed 2.2 ± 2years
(range 3 months to 7 years) after surgery both at rest and
after isoproterenol infusion. Commercially available equip-
ment was used for the echocardiograms, which were per-
surgery and study of these patients are listed in Table l. We
used the classification of coronary artery anatomy proposed
by Yacoub and Radley-Smith (9), with type A representing
cases in which both right and left coronary arteries originate
from different sinuses; type B, cases in which the right and
left coronary arteries originate from the same sinus; and type
D, cases in which the (left) circumflex artery arises from the
right coronary artery (Fig. 1).
Surgical Procedures. Pulmonary artery banding had been
performed in Patients I to 14 before corrective surgery.
Seven patients (Patients 15 to 21) had an arterial switch
procedure as a primary operation. The mean age at arterial
switch operation for the total group was l.7 ± l.8 years
(range 8 days to 7.9 years). For the 14 patients who had a
two-stage repair, the mean age at surgery was 2.3 ± 4 years
(range 8 to 7.9), and 3.1 ± 2 months (range 10 days to 9
months) in the remaining 7 patients. The mean coronary
nonperfusion time during surgery was 88 ± II min (range 72
to 108) and the mean cardiopulmonary bypass time 202 ± 33
min (range 144 to 267) in the first 14 patients, whereas it was
71 ± 22 min (range 27 to 108) and 149 ± 28 min (range 87 to
209), respectively, in the 7 patients with a one-stage repair.
Table I lists the data for each patient. The same blood
cardioplegia was used in all operations. Surgery was per-
formed by three different surgeons from our institution, all of
whom followed the same guidelines.
RCA~PA
LCX
LEFT MAIN
LAD
TYPE A CORONARIES
~CXRCA PALAD
TYPE 0 CORONARIES
TYPE B CORONARIES
ABBREVIATIONS
RCA =RIGHT CORONARY ARTERY
LAD = LEFT ANTERIOR DESCENDING
CORONARYAR'I1!RY
LCX =LEFT CIRCUMFLEX
CORONARYARIERY
PA = PULMONARY ARTERY
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formed using a 5 or 7.5 MHz transducer. The images were
recorded on 3/4 in. 0.9 cm) videocassette tape. The standard
parasternal short-axis and apical four chamber views were
used for wall motion analysis. In the parasternal short-axis
view, this was evaluated at the mitral valve, papillary muscle
and apical levels, whereas only one plane was used in the
apical four chamber view. In the newborns, we also used the
subcostal four chamber view and a subcostal short-axis view
in addition to the ones mentioned above.
Wall motion analysis. This analysis was performed using
a Symtec PGS system interfaced with an IBM XT personal
computer. Additional software, which was written at our
institution, enabled us to use fixed and floating wall motion
analysis systems (2). The end-diastolic and end-systolic
frames selected were those judged to show the largest and
smallest left ventricular cross-sectional areas, respectively.
The endocardial borders of these frames were digitized by
hand through the use of a light pen connected to a digitizing
tablet interfaced with a television monitor. Planimetry was
separately performed on an end-diastolic and an end-systolic
frame. The center of mass was then calculated for each
frame using a previously published formula (0). Areference
line was drawn connecting the center of mass with an outside
reference point represented by the junction of the septal
tricuspid leaflet with the interventricular septum. The frame
was then divided into eight equal radial segments, starting in
a clockwise fashion from the reference line. For the fixed
system, the areas of the eight segments were calculated
separately in the diastolic and systolic frames, and no
correction for movement of the heart inside the thorax was
performed. For the floating system, the centers of mass of
the diastolic and systolic frames were superimposed and the
reference lines aligned to correct for translation and rotation.
The regional area change for each segment was mea-
sured as {(diastolic area - systolic area)/diastolic area] x
100. A previously described (11) left ventricular segmental
system was used for appropriate spatial nomenclature of the
individual segments at the mitral valve (basal segments),
papillary muscle (midventricular segments) and apical lev-
els. The reproducibility of regional left ventricular wall
motion measurements was previously assessed by analysis
of intra- and interobserver variability in 55 infants and
children (2). Three consecutive end-diastolic and end-
systolic frames in each imaging plane were analyzed, and the
mean of three measurements of the percent regional area
change was calculated and then compared with normal
age-matched data from our own control group (2). An
anatomic segment was considered to have abnormal wall
motion if the percent area change was outside the 95%
confidence limits of our normal values. In patients in whom
the general contractility was reduced and wall motion in all
segments was uniformly lower than normal, a segment was
arbitrarily considered abnormal if the percent area change
was ~ 10% below that of all other segments in that echocar-
diographic plane.
Global left ventricular function was assessed by measur-
ing end-diastolic and end-systolic volumes. For the purpose
of volume calculation, we used a Sony off-line computer
with a cardiology analysis package that uses data based on
values derived from Silverman et al. (3). From three
short-axis planes (mitral valve, midventricular and apical
levels) and the apical four chamber view, the endocardium
was digitized manually. Both imaging planes are orthogonal
to each other, with the volume calculation being derived
from a modified Simpson rule. Global ejection fraction was
calculated as (diastolic volume - systolic volume)/(diastolic
volume) x 100. Normal left ventricular end-diastolic volume
by this method is 60 ml/m2 body surface area.
Thallium myocardial perfusion scintigraphy. All patients
underwent a thallium myocardial perfusion scan at rest and
with isoproterenol infusion during the same study (4). With
the patient in the supine position, thallium-20l was injected
at a maximal heart rate at a dose of 28 to 79 mBq according
to the patient's weight. A single photon emission computed
tomographic (SPECT) study was performed because of its
sensitivity and specificity in detecting perfusion defects OS).
State-of-the-art equipment was used, consisting of a General
Electric 400 AC Starcam tomographic camera.
The camera was rotated clockwise around the patient in a
1800 arc in a circular orbit, starting at a 4SO right anterior
oblique position. Sixty-four raw data images were acquired
at 15 s/frame. Redistribution tomographic pictures were
similarly obtained 2.5 h after injection of isoproterenol and
were considered to represent the resting phase. Vertical
long-axis images were created from the transaxial images,
and short- and horizontal-axis images were subsequently
obtained from the vertical long-axis data. Thallium scans
were graded by a semiquantitative approach as either nor-
mal, with homogeneous uptake of thallium, partial defect,
with a reduction in thallium uptake, or complete defect, with
an absent area of thallium uptake. Two experienced observ-
ers (6) independently reviewed the scans and graded them
without prior knowledge of the second observer's opinion.
Statistical analysis. For comparison of data, a two-tailed
paired Student's t test was used. A p value of <0.05 was
considered to present a significant difference between two
groups. Data are given as mean values ± SD and range.
Results
Regional left ventricular wall motion analysis. In 20 pa-
tients, the echocardiographic recordings were satisfactory,
but in I (Patient 14), it was impossible to obtain adequate
echocardiographic images of the apical plane in either view.
Because of technical difficulties related to patient position
during thallium scanning under stress (after isoproterenol
infusion), it was not possible to obtain reliable echocardio-
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Figure 3. Patient 4 in Table I. Regional left ventricular wall motion
at the papillary muscle level (floating system). Wall motion abnor-
mality at the lateral left ventricular wall and slightly reduced percent
area change in other segments are seen in this imaging plane.
Abbreviations and symbols as in Figure 2.
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Figure 2. Patient lOin Table I. Regional left ventricular wall motion
at the papillary muscle level (floating system) in a patient with a
global ejection fraction at the lower limit of normal. ANT =
anterior; INF = inferior; LAT = lateral; POST = posterior. Circles
= normal values; rectangles = patient values.
Figure 4. Patient 3 in Table I. Regional left ventricular wall motion
at the papillary muscle level (floating system). Wall motion abnor-
mality at the anterolateral left ventricular wall with normal percent
area change in all other anatomic segments of the left ventricle is
seen in this imaging plane. Abbreviations as in Figure 2.
wall motion findings. Patient 3 had kinking of the left
coronary artery noted after reimplantation of this vessel,
with subsequent revision of the anastomosis. In Patient 4,
the left anterior descending coronary artery was accidentally
lacerated and subsequently repaired. In all other patients,
the transfer of the coronary arteries was uncomplicated.
Correlation of echocardiographic wall motion abnormali·
ties with thallium perfusion defects (Table 2). In each case,
the perfusion defect and wall motion abnormality occurred
in the same location. Patient 18 had normal global and
graphic images for analysis. Therefore. the results presented
provide only data at rest.
Global left ventricular function was normal in all patients
with a mean ejection fraction of 65.7 ± 7% (range 55% to
78%). Left ventricular end-diastolic volume ranged from 58
to 90 ml (mean 70 ± 13) and end-systolic volume from 15 to
36 ml/m2 body surface area (mean 22 ± 9). Four patients
(Patients 4, 10, 11 and 12) had an end-diastolic volume that
was> 120% of normal for body surface area (that is, >72
ml/m2). None of these patients had evidence of significant
aortic or mitral valve regurgitation or a residual left to right
shunt.
Normal left ventricular regional wall motion was de-
tected in 13 (65%) of the 20 patients. This represents all
seven patients who had undergone a primary repair in the
newborn period and six who had a staged procedure. In one
patient with a global ejection fraction of 55% (lower limit of
normal) who also had an increased end-diastolic volume, all
of the segmental area changes in each imaging plane were
below the 95% confidence limits, but within the 10% range
that was arbitrarily assigned (Fig. 2). In seven patients,
regional left ventricular wall motion abnormalities could be
detected when the data were compared with normal values
matched for age (Fig. 3 and 4). Four of these seven patients
had a normal end-diastolic volume, and the remaining three
had increased values for age (Table 2). All but one of the wall
motion abnormalities (apical defect in Patient 11) were
detected by both the fixed and floating systems (Fig. 5). In
general, however, the abnormalities were more obvious with
the fixed system. There was no correlation between the
presence of absence of regional wall motion abnormalities
and coronary nonperfusion or bypass time during surgery.
Two patients with wall motion abnormalities had compli-
cations at surgical repair that might explain their abnormal
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Table 2. Correlation of Thallium Myocardial Perfusion Defects
and Wall Motion Abnormalities in Eight Patients
Type of NORMAL 0
Thallium 58 VALUES
Patient Wall Motion Location of Thallium Perfusion w~ 56No. Abnormality Perfusion Defect Defect <
:I:
3 Anterolat wall Anterolat wall Reversible (J 54<
4 Lateral wall and apex Inferolat wall and apex Irreversible w
5 Apex Apex Irreversible
~ 52
..J
7 Apex Apex Irreversible ~ 50
8 Inferior wall Inferior wall Reversible 0
II Apex Apex Reversible ~ 48
et
12 Anterolat wall Anterolat wall Reversible '/. 46
18 None Basilar septum Reversible
44
Anterolat = anterolateral; Inferolat = inferolateral.
flOATING SYSTEM
oPATIENT
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'-----'
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Figure 5. Patient 11 in Table 1. Regional left ventricular wall motion
in the apical parasternal four chamber view. In the upper panel the
floating system and in the lower panel the fixed system are depicted
showing a wall motion abnormality at the apex of the heart. The
difference between the normal values (shaded area) and the abnor-
mal segment or segments is more marked with the use of the fixed
system. Abbreviations as in Figure 2.
neonates who had undergone a primary repair revealed
perfusion defects in 17 of 19 cases. These striking data were
not substantiated by any other imaging technique. The
patients did, however, develop ST segment depression after
the injection of dipyridamole.
Methods for detecting myocardial ischemia. Detection of
myocardial ischemia may be possible through the application
of the surface ECG (in adults the sensitivity of the ECG is in
the range of 47% to 81% [21]), but a normal tracing does not
necessarily exclude an abnormality, particularly in the pres-
ence of bundle branch block (22), which was recorded in the
majority of our patients.
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• PATIENT
MID BAS
'-----'
SEPTUMAPEX
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44
regional left ventricular wall motion as assessed by echocar-
diography, but a small reversible perfusion defect involving
the basilar septum. The overall sensitivity of detecting a wall
motion abnormality by echocardiography in a patient with a
known perfusion defect as detected by thallium scintigraphy
was 0.95, with a specificity of 0.88. On examining the elec-
trocardiogram (ECG) for evidence of ischemia, five of seven
patients with a wall motion abnormality were found to have
complete right bundle branch block, one had a pacemaker for
complete heart block and one had abnormal ST segments with
a biphasic T wave in the right precordial leads and I mm of ST
segment depression in the left precordial leads.
Discussion
Myocardial perfusion after the arterial switch operation.
One potential problem of the arterial repair for transposition
of the great arteries is the adequacy of postoperative myo-
cardial perfusion (5). Although animal experiments (17) have
demonstrated growth of the aortocoronary anastomosis,
long-term clinical studies in patients who underwent the
arterial switch operation are scarce (18). Anecdotal reports
(5,18) have revealed occasional clinical myocardial infarc-
tion and unexplained sudden cardiac deaths. In one such
case (5), autopsy confirmation of myocardial infarction could
be obtained.
Angiographic wall motion abnormalities after the arterial
switch procedure have previously been reported (19) in 7 of
17 patients; 11 of the 17 patients had undergone a two-stage
repair and 6 had a primary correction. From the data, it is
unclear whether the wall motion abnormalities occurred in
those patients who had a two-stage procedure or primary
repair. All wall motion abnormalities were uniformly located
in similar anatomic segments in the anterior left ventricular
wall. Because data on correlation with other methods were
not presented, the functional implications of these wall
motion abnormalities are unclear. A further report (20) using
thallium scintigraphy with the addition of dipyridamole in
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Thallium myocardial perfusion scintigraphy has a sensi-
tivity of 83% and a specificity of 90% with regard to
noninvasive detection of coronary artery disease (21), but it
involves a certain amount of radiation (23). Similarly, coro-
nary arteriography provides accurate data regarding vessel
abnormalities in adults (22), but presents a greater challenge
in young infants in whom selective catheterization may be
more difficult. Similarly, the relatively new technique of
echocardiographic contrast perfusion of the coronary arter-
ies has not been explored in pediatric patients (24). A simple,
reliable noninvasive assessment of myocardial perfusion
would be ideal in pediatric patients to identify those who
may be at greater risk for myocardial ischemia or sudden
death.
Echocardiographic wall motion analysis. Regional left
ventricular wall motion analysis by echocardiography in
adult patients is a well established method for evaluating
myocardial ischemia secondary to coronary artery disease
(1-3). Through the application of this technique, 87% to 95%
of areas with myocardial ischemia could be identified (25).
Wall motion abnormalities could be detected in some cases
with subendocardial ischemia as well as in transmural myo-
cardial infarction (26). Thus, detection of a wall motion
abnormality does not necessarily yield information about the
severity of myocardial ischemia (11). Previous data (11) have
demonstrated a close correlation between echocardiographic
wall motion abnormalities and myocardial perfusion defects
detected by thallium scintigraphy (r = 0.87). Our data
yielded similar results, with a sensitivity of 0.95 and a
specificity of 0.88. We encountered one patient with a small
reversible myocardial perfusion defect, who had normal
echocardiographic wall motion. This is in keeping with adult
data, which show that the occurrence of wall motion abnor-
malities in nontransmural myocardial infarction varies from
oto 100% (27). Although the fixed and floating systems (I)
appeared to produce slightly different results with regard to
percent area change (Fig. 5), this difference only partially
affected our overall ability to detect wall motion abnormal-
ities. Despite this there are some data (28) to support the
greater reliability of the floating system in the postoperative
evaluation of wall motion abnormalities.
Limitations. Although stress echocardiography is widely
applied in adult patients (11), our experience indicates that
attempting to analyze the results after stressing the myocar-
dium is potentially more difficult in pediatric patients. Thus,
we could not apply the postisoproterenol data. This difficulty
may relate to a faster heart rate after stress, the need for
prolonged patient cooperation, a higher respiratory rate and
inability to apply exercise techniques in this age group. In
adults, the apex of the heart is the most difficult area to
image because of a certain degree of foreshortening in the
apical four chamber view, problems associated with image
quality and the inability of the apical plane in the parasternal
short-axis view to image the true apex of the heart. Although
the same limitations theoretically apply to the pediatric age
group, superior imaging in the apical four chamber view
allowed us to overcome some of these problems and to
obtain reliable data at this level in 95% of our patients;
however, the same limitations apply to the pediatric age
group in the short-axis plane.
Significance of abnormal wall motion findings in our pa-
tient group. The finding that wall motion abnormalities and
perfusion defects occurred mainly in patients who had
undergone the two-stage surgical procedure is most likely
due to the fact that these data represented the beginning of
the learning curve in our institution. It is unlikely that the
defects are the result of an abnormal influence from the right
ventricle, particularly as none of the patients had associated
pressure or volume loading (10,29,30). Similarly, the specific
abnormal left ventricular segments encountered in this study
do not appear to be influenced by right ventricular events
(29,30). In addition, left ventricular shape and wall mass
normalize within months after the arterial switch operation
(31). It is therefore unlikely that the anatomy of the under-
lying lesion is the sole cause of the observed wall motion
abnormalities. We believe that the defects observed in our
group of patients are truly a reflection of disturbed regional
contractility. This belief is further substantiated by the three
patients (Patients 4, 5 and 7) with an irreversible perfusion
defect detected by thallium perfusion scintigraphy. The
significance of the findings in the remaining four patients
(Patients 3, 8, II and 12) with a reversible perfusion defect
and wall motion abnormalities is less clear, but the data may
suggest a problem with coronary flow reserve (21).
Further invasive examinations, including selective coro-
nary arteriography (22) or injection of contrast medium into
the coronary arteries to evaluate myocardial perfusion (24),
may be warranted in those patients who have a wall motion
abnormality detected by echocardiography and a subsequent
thallium scan demonstrating a reversible defect. As in the
majority of adult studies (11), regional wall motion abnor-
malities were associated in some cases with dilation of the
left ventricle in the presence of normal global contractility.
Conclusions. Our data demonstrate that wall motion ab-
normalities in children after the arterial switch operation may
be due to impairment of myocardial perfusion. Because there
was a good correlation between echocardiographic analysis of
regional left ventricular wall motion and thallium scintigra-
phy, the former method can be used as a screening procedure
in patients who have undergone the arterial switch operation.
Such screening may aid in identifying those patients at greater
risk of developing myocardial ischemia.
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